It is well documented that prostate cancer (PCa) health disparities exist between African--American (AA) and Caucasian American (CA) men regarding the diagnoses, mortalities, disease aggressiveness, response to therapies, and prognosis ([@bib16]; [@bib9]). Indeed, incidence of PCa in AA men is ∼1.5 times higher and mortality rates 2--3 times more than CA men ([@bib29]). Furthermore, AA men poorly respond to conventional PCa treatment modalities, often show higher tumour relapse and a low 5-year disease-free survival ([@bib37], [@bib36]; [@bib18]; [@bib16]; [@bib27]; [@bib9]). Although reasons behind this disparity are largely unknown and multifactorial; family history, dietary habits, socioeconomic conditions, and genetic factors contribute to such outcomes ([@bib46]; [@bib9]; [@bib19]). Indeed, AA patients with PCa harbour reduced level of mitochondrial DNA (mtDNA) ([@bib25]), suggesting that reduced mitochondrial function in AA cells might be one of the key reasons for resistance to apoptosis in AA cells and apparent PCa health disparity. Mutations, reduction, or deletion of mtDNA are linked to many physiological anomalies including defective oxidative phosphorylation (OXPHOS) activity, deregulated reactive oxygen species (ROS) production, and hyperactive glycolytic pathway (Warburg effect). Disturbance of these mitochondrial parameters have been linked to carcinogenesis, promotion, and progression of the disease ([@bib2]; [@bib7]; [@bib28]; [@bib51]). Mitochondrial dysfunction also confers resistance against various conventional anticancer regimens in tumours ([@bib33]; [@bib8]; [@bib23]).

Mitochondrial apoptotic pathway requires cytochrome *c* release from mitochondrial with subsequent formation of apoptosome causing execution of caspase-dependent apoptosis ([@bib17]). Normal OXPHOS activity, steady state ROS, and mitochondrial membrane potential (mtMP) are critical determinants of apoptosis induction via mitochondrial pathway ([@bib12]; [@bib43]). OXPHOS is largely defective and glycolytic pathway is normally employed for ATP production in cancer cells, which associates with tumour cell proliferation, survival, invasion, and metastasis ([@bib47]; [@bib32]; [@bib54]). Metabolic targeting of key enzymes regulating balance between mitochondrial glucose oxidation and cytoplasmic glycolysis including pyruvate dehydrogenase kinase (PDK), lactate dehydrogenase, and pyruvate kinase has shown to induce apoptosis, decrease cell proliferation, and tumour growth ([@bib30]; [@bib32]; [@bib54]). Restoration of mitochondrial activity in cancer cells induces tumour cell death and halts tumour growth ([@bib5]). Dichloroacetate (DCA), a small molecule and inhibitor of PDK, thus activates pyruvate dehydrogenase, causing decreased tumour growth in many cancers ([@bib14]; [@bib5]; [@bib32]). Therefore, cell death induction in cancer cells by reviving mitochondrial activity could be an important strategy for cancer prevention and treatment. In the present study, we investigated the underlying mechanism of cellular proliferation, cell death, cellular invasion and metastasis in both AA and CA cells on restoring mitochondrial function by DCA.

Materials and methods
=====================

Cells and reagents
------------------

CA LNCaP, Du145, and PC3 cells were obtained from ATCC, while E006AA and E006AA-hT, AA prostate cancer cell lines were established and characterised by Dr Koochekpour\'s laboratory ([@bib24], [@bib26]). Cells were maintained as recommended by ATCC. Primary antibodies against HSP10 and cell cycle and apoptotic cocktail (pCdk/pHH3/Actin/PARP), anti-MMP-9, anti-MMP-2 were from Abcam, MA, USA; anti-HSP60 was from Chemicon; anti-HSP90 from R&D Systems USA, anti-HSP70 from Stressgen, USA; and anti-actin antibody was from M.P. Biomedical USA. Rabbit and mouse HRP-labelled secondary antibodies were procured from GE Healthcare Life Sciences, Pittsburgh, PA, USA. All other reagents were purchased from Sigma-Aldrich, St. Louis, MO, USA.

Measurements of mitochondrial ROS, cellular ROS, mtMP, and mitochondrial mass using flow cytometer
--------------------------------------------------------------------------------------------------

PCa cells were treated or left untreated with DCA for indicated doses and times described in figure legends. Mitochondrial ROS, cellular ROS, mtMP, and mitochondrial mass were measured using MitoSox Red, DHR123, MitoTracker Orange, and MitoTracker Green, respectively, according to our recently published articles ([@bib49], [@bib48]).

Whole-cell lysate preparation and caspase activities, cytosol and mitochondrial purification, and western blotting
------------------------------------------------------------------------------------------------------------------

PCa cells were treated with various agents as described in figure legends. Whole-cell lysate, cytosol, and mitochondrial fractions were prepared. Equal amounts of protein were subjected to caspase activities or western blotting as described previously ([@bib44]).

Cell migration assay
--------------------

PCa cells were seeded in a 6-well culture dishes and grown to confluence. Using sterile 200 *μ*l micropipette tip, two parallel scratches were created in each well. The floating cells were removed immediately after creating scratches followed by addition of fresh medium containing mitomycin C (5 *μ*g ml^−1^) and indicated doses of DCA. Wound closure was recorded by photography at 0 and 15 h after scratch using an inverted microscope (Olympus IX73) equipped with digital camera. The wound closure by PCa cell migration was observed and measured after 15 h of treatment, and data are represented as per cent cell migration compared with control.

Clonogenic survival assays
--------------------------

PCa cells at a density of 500 cells per well in a 6-well tissue culture dishes were cultured followed by treatment with the indicated doses of DCA for 7 days. Cells were washed, fixed with chilled 95% ethanol for 10 min, and stained with crystal violet solution (0.05% in distilled water) for 30 min at room temperature followed by colony counting using phase contrast microscope.

Gelatin zymography
------------------

Cells were seeded and grown to 70% confluence in 60 mm dishes followed by overnight serum starvation, and subsequently, cells were treated with DCA at 20 mM dose under serum-starved conditions for 48 h. After the treatment, media were collected and gelatin zymography was performed as per manufacturer instructions (Novex 10% Zymogram Gel, Life Technologies, NY, USA).

Cell surface marker profiling
-----------------------------

Cells were treated with DCA followed by staining with stem cell markers CD44 (FITC-tagged) and/or CD133 (APC-tagged) for 15 min at 4 °C in dark. Cells were centrifuged at 1500 r.p.m. at 4 °C for 5 min and resuspended in 500 *μ*l of 1X PBS, and analysed using flow cytometer. At least Five hundred thousand events were collected for each sample.

Cell growth, cell death, and cell cycle analysis
------------------------------------------------

PCa cells were treated with different drugs alone or in combinations for indicated time points. Percentage cell death was quantified using Trypan blue method or Annexin V/PI methods ([@bib48]). For cell cycle analysis, PCa cells were treated with DCA for indicated doses and times. Cells were fixed with 70% ice-cold ethanol for 1 h at 4 °C, washed with PBS and stained with PI in the presence of 0.02 *μ*g/ml RNase A. Finally, samples were analysed using BD LSR II flow cytometer and Modfit analysis as described previously ([@bib44]).

Real-time PCR analysis
----------------------

For real-time PCR analysis, cDNA prepared from control and 24 h DCA treated PCa cells were used to quantitate the expression of protein involved in UPR including C/EBP homologous protein (CHOP), CCAAT/enhancer binding protein (C/EBP), chaperone DnaJ (DnaJ), HSP10, HSP27, HSP60, HSP70, and HSP90 using the primer pairs listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

Seahorse XF24 bioenergetics mitostress assay
--------------------------------------------

Different parameters associated with mitochondrial respiration such as basal respiration, coupling efficiency, and spare respiratory capacity in PC3 prostate cancer cell line were assessed by MitoStress assay by using a Seahorse XF24 (Seahorse Biosciences, North Billerica, MA, USA) analyzer as described previously ([@bib31]).

Statistical analysis
--------------------

Results are presented as mean±s.d. of data from at least three independent experiments. Statistical analyses were performed using GraphPad Prism and significance was calculated using one-way ANOVA (San Diego, CA, USA).

Results
=======

DCA suppresses growth and induces cell death in CA cells compared with AA cells
-------------------------------------------------------------------------------

To address whether restoration of OXPHOS could be an effective strategy to treat AA patients with PCa, we treated E006AA cells derived from AA PCa patient ([@bib24]) with DCA. We also used highly tumourigenic E006AA-hT cells derived from parental E006AA cells ([@bib26]). For CA cells, we treated androgen-dependent LNCaP and androgen-independent Du145 cells with different doses of DCA. We observed that DCA strongly suppresses cell proliferation of LNCaP and Du145 while only slight reduction of cell proliferation in E006AA and highly tumourigenic E006AA-hT cells ([Figure 1A](#fig1){ref-type="fig"}, and data not shown). DCA induced significant cell death in CA compared with AA PCa cells ([Figure 1B--E](#fig1){ref-type="fig"}). DCA has ability to restore OXPHOS, which activates caspases ([@bib5]; [@bib6]). Indeed, we observed that DCA treatment activates caspase-3 at higher level in AA cells compared with CA cells ([Figure 1F](#fig1){ref-type="fig"}). Thus cell death induction in AA cells by DCA is, in part, mediated by caspase activation, while in CA cells caspase activation may not be a sole reason for cell death induction by DCA.

DCA fails to reduce cancer stem cells (CSCs) population in AA cells compared with CA cells
------------------------------------------------------------------------------------------

CSCs offer resistance to current therapies and have potential to regenerate tumours causing relapse in PCa ([@bib10]). The CSCs profile in CA and AA cells on exposure to DCA demonstrated that E006AA cells harbour higher enrichment of CD44^+^ and CD44^+^CD133^+^ populations in AA cells compared with CA cells, which did not decrease on DCA treatment ([Figure 2A--D](#fig2){ref-type="fig"}). Decreased number of spheres in CA compared with AA cells further provides evidence that DCA is more effective in CA CSCs (data not shown). Increased caspase activation in CA CSCs spheres compared with AA spheres on DCA treatment further support our conclusion that DCA has higher anticancer effect in CA CSCs ([Figure 2E](#fig2){ref-type="fig"}). This implies that CSCs in AA cells show relatively high resistance compared with CA counterparts towards anticancer agents.

Differential modulation of cell cycle phase distribution by DCA in AA and CA cells
----------------------------------------------------------------------------------

Cell cycle arrest causes inhibition of cell proliferation and is accompanied by cell death ([@bib13]; [@bib38]). Surprisingly, quantification of different stages of cell cycle demonstrated that DCA induced G1 and G2/M arrest in CA cells, whereas S-phase arrest was observed in AA cells ([Figure 3A](#fig3){ref-type="fig"}). For example, compared with untreated Du145 cells with ∼49% cell population in G1 phase, DCA 20 and 40 mM doses increased G1-phase cell population to ∼74 and ∼62%, respectively, after 24 h. In addition, there were significantly reduced percentages of cells in S-phase of cell cycle at both 20 and 40 mM of DCA treatment to Du145 cells ([Figure 3A](#fig3){ref-type="fig"}).

In E006AA cells, compared with ∼37.4% cell population in S-phase of control, DCA 20 and 40 mM doses increased this cell population to ∼46.5 and ∼55%, respectively, after 24 h treatment ([Figure 3A](#fig3){ref-type="fig"}). It is interesting to note that increased accumulation of cells at S-phase were associated with decreased percentage of cells at G1 phase at 20 mM and drastic reduction in G2/M population with 40 mM DCA treatment ([Figure 3A](#fig3){ref-type="fig"}). The elevated level of phosphorylated cyclin-dependent kinase 2 (Cdk2) at Tyr15 (Cdk2 pTyr15) in E006AA cells on exposure to various doses of DCA suggests the loss of CDK2 activity leading to accumulation of cancer cells at S phase ([@bib40]; [@bib11]). Accumulation of cells at S phase was corroborated with increased PARP cleavage supporting the notion that caspase activation-mediated PARP cleavage in E006AA cells may associate with increased proliferation but not cell death ([Figure 3B and C](#fig3){ref-type="fig"}).

DCA differentially modulates mitochondrial functions in AA and CA cells
-----------------------------------------------------------------------

To determine whether DCA affect mitochondrial function, we examined the levels of mitochondrial ROS, cellular ROS, and mtMP in AA and CA cells. We observed that DCA increased mitochondrial ROS production albeit not significant both in AA cells and CA cells ([Figure 3D](#fig3){ref-type="fig"}). Surprisingly, we observed LNCaP and Du145 cells harbour significant high levels of endogenous level of mitochondrial and cellular ROS compared with E006AA cells. The DCA-induced mitochondrial ROS in AA cells was significantly lower compared with untreated CA cells ([Figure 3D and E](#fig3){ref-type="fig"}). Cellular ROS levels were decreased significantly in E006AA cells in response to DCA, but in LNCaP and Du145 cells, no significant changes were observed ([Figure 3E](#fig3){ref-type="fig"}).

We observed that DCA increased mtMP in LNCaP, Du145, and E006AA cells ([Figure 3F](#fig3){ref-type="fig"}). Like mitochondrial and cellular ROS, the levels of mtMP in E006AA cells were significantly lower than LNCaP cells ([Figure 3F](#fig3){ref-type="fig"}). We also observed reduced level of mitochondrial mass in AA cells compared with CA cells ([Figure 3G](#fig3){ref-type="fig"}). DCA induced mitochondrial mass significantly in LNCaP but not in Du145 and E006AA cells ([Figure 3G](#fig3){ref-type="fig"}). These findings suggest that AA cells possess strong mitochondrial dysfunction reflected as reduction in ROS production, mtMP, and mitochondrial mass.

AA cells possess defective heat shock protein (HSP) response compared with CA cells
-----------------------------------------------------------------------------------

Mitochondrial HSPs and proteases are known to be upregulated to protect dysfunctional mitochondria and its homeostasis ([@bib20]). This is mediated by mitochondrial unfolded protein response (UPR^mt^), a stress response reflecting mitochondrial state ([@bib20]; [@bib3]; [@bib34]). To understand whether AA and CA cells possess differential levels of protein folding machinery and UPR^mt^, we evaluated transcriptional levels of key HSPs and UPR^mt^ related proteins in LNCaP and E006AA cells, respectively. We observed reduced expression of transcription factor CHOP, whereas its dimerisation partner C/EBP was elevated in LNCaP cells compared with E006AA. Interestingly, UPR^mt^ chaperone proteins HSP60 and DNAj were upregulated at transcriptional levels in LNCaP cells compared with E006AA cells ([Figure 4A and B](#fig4){ref-type="fig"}). Transcriptional levels of HSP70 and HSP90 were unchanged ([Figure 4B](#fig4){ref-type="fig"}). Western blot analysis further demonstrated increased expression of HSP10, HSP60, and HSP90 proteins in LNCaP cells ([Figure 4C](#fig4){ref-type="fig"}). Since HSP60 is a key protein for proper mitochondrial protein folding and UPR^mt^ for restoration of mitochondrial function ([@bib53]), reduced level of HSP60 in AA cells may lead to defective cell death function of mitochondria in AA cells.

To understand the impact of protein folding machinery and HSPs on DCA-induced cell death in AA and CA cells, we detected the levels of key HSPs including protein folding proteins. We observed that DCA induced expression of HSP60, HSP90, and HSP27 but expression of HSP70 and HSP10 was unchanged in response to DCA treatment in LNCaP cells ([Figure 4D](#fig4){ref-type="fig"}). In E006AA cells, no changes were observed with HSP90, but transcription level of HSP27 and HSP10 mRNA were reduced, whereas HSP60 and HSP70 were upregulated transcriptionally in response to DCA treatment ([Figure 4D](#fig4){ref-type="fig"}). We observed increased expression of transcription factor for UPR^mt^ including CHOP and its cofactor C/EBP ([@bib1]) in response to DCA treatment in LNCaP cells. No changes were observed for CHOP and DNAj but C/EBP expression was reduced in E006AA cells ([Figure 4E](#fig4){ref-type="fig"}). Similar to LNCaP cells, transcriptional levels of protein folding and UPR^mt^ proteins were upregulated in Du145 cells ([Figure 4F](#fig4){ref-type="fig"}). To understand whether HSPs play an important role in apoptosis, we treated LNCaP and E006AA cells with 17-AAG (tanespimycin), an inhibitor of HSP90, in the presence and absence of DCA and measured caspase-3 activity. We observed that 17-AAG enhanced DCA-induced caspase-3 activation in LNCaP cells, whereas it was inhibited in E006AA cells ([Figure 4G](#fig4){ref-type="fig"}).

AA cells are more aggressive and metastatic, and possess clonogenic survival advantage compared with CA cells
-------------------------------------------------------------------------------------------------------------

We next evaluated migration and clonogenic behaviour of two types of cells and observed that AA cells are highly migratory and possess high clonogenicity compared with CA cells. We observed that DCA showed 77 and 71% inhibition in cell migration in Du145 and PC3 cells, respectively. However, similar treatments suppressed this migratory potential in E006AA and E006AA-hT cells only by ∼30 and ∼14%, respectively ([Figure 5A and B](#fig5){ref-type="fig"}). We observed that DCA treatment blocked the clonogenic potential of CA cells and has less effect in AA cells ([Figure 5C and D](#fig5){ref-type="fig"}). We observed robust increased of both pro and active forms of MMP-9 and MMP-2 in E006AA cells but not in LNCaP cells ([Figure 5E](#fig5){ref-type="fig"}). Gelatin zymography demonstrated that AA cells have very high MMP-2 and MMP-9 activities compared with CA cells ([Figure 5F](#fig5){ref-type="fig"}). These results clearly indicate that AA cells have more metastatic potential than CA cells, which are critical for tumour progression and linked to mitochondrial dysfunction ([@bib41]).

DCA enhanced taxol-induced cell death in CA cells but not in AA cells
---------------------------------------------------------------------

Advanced and metastatic PCa poorly responds to current therapies, and outcomes in AA patients with PCa are poorer compared with CA patients ([@bib9]). We observed that DCA significantly sensitises CA cells to taxol-induced death while AA cells did not show enhanced cell death in the presence of DCA ([Figure 6A--C](#fig6){ref-type="fig"}). These observations emphasise that AA patients might get positive outcomes only after major restoration of mitochondrial function.

DCA enhances doxorubicin-induced cell death in AA cells and androgen-independent PC3 cells but not in androgen-dependent LNCaP cells
------------------------------------------------------------------------------------------------------------------------------------

Interestingly, we observed that DCA enhanced doxorubicin (DNA damaging agent)-induced AA cell death ([Figure 6D](#fig6){ref-type="fig"}). Two different responses were observed with CA cells. Androgen-dependent LNCaP cells do not respond positively with doxorubicin in the presence of DCA, whereas androgen-independent PC3 cells show higher levels of cell death with doxorubicin and DCA combination ([Figure 6D](#fig6){ref-type="fig"}).

Effect of DCA and anticancer agents on mitochondrial bioenergetic functions in CA cells
---------------------------------------------------------------------------------------

To assess whether mitochondrial function was modulated in response to anticancer agents in CA cells, we measured oxygen consumption rates (OCRs) in PC3 cells as a way of assessing OXPHOS and hence ATP production. Presence of oligomycin indicated that the levels of ATP-linked respiration were decreased in control cells or cells treated with DCA, paclitaxel (PTX), and DCA+PTX, whereas, doxorubicin (DOX) and DCA+DOX treatment did not show any significant changes. Subsequent addition of mitochondrial uncoupler p-triflouromethoxyphenylhydrazone (FCCP) indicated that except for DOX and DCA+DOX, all other treatment group showed an increase in the OCR levels similar to that of control treatment. Finally, injection of mitochondrial complex III inhibitor antimycin A together with mitochondrial complex I inhibitor rotenone significantly inhibited the OCR due to the collapse of ATP synthesis. When DCA was used in combination with DOX, a significant change in basal OCR levels was also observed as compared with the control cells. The cells treated with PTX and DCA, did not reflect any significant changes in the OCR as compared with the control treatment ([Figure 6E and F](#fig6){ref-type="fig"}; and data not shown). Further experiments are necessary to investigate the exact roles of these drugs related to mitochondrial bioenergetic functions.

Discussion
==========

Higher PCa incidence and mortality are commonly associated with AA men compared with CA men. AA patients with PCa respond poorly to same conventional therapies offered to CA PCa patients ([@bib37], [@bib36]; [@bib18]; [@bib16]; [@bib9]). AA PCa patients are more likely to have early tumour relapse after primary treatment regimens compared with CA patients ([@bib37], [@bib36]; [@bib42]). Mitochondrial dysfunction is a common defect in cancers and strongly linked to resistant to therapy causing tumour relapse owing to altered cellular physiology and defective cell death process ([@bib2]; [@bib7]; [@bib23]). Indeed, reduced mtDNA content associates with poor prognosis in AA patients compared with CA ([@bib25]). Optimal response to any conventional therapy requires functional death-inducing mitochondrial signalling, which in response to anticancer agents induce cancer cell death ([@bib15]). Thus restoring steady state mitochondrial function will exert strong anticancer effects ([@bib5]; [@bib6]).

The present study highlights the importance of mitochondrial dysfunction in PCa health disparity. It is important to stress the severity of mitochondrial dysfunction in AA cells in the sense that a well known small-molecule DCA capable of promoting OXPHOS ([@bib5]) could not restore mitochondrial function to the required threshold levels for apoptosis causing inefficient cell death in response to DCA or DCA in combination with taxol. Although a small increase in caspase activation was observed on DCA treatment, which may be associated with increased proliferation of AA PCa cells because a low level of caspase activation has been linked to tumour cell repopulation and tumourigenesis ([@bib1]; [@bib22]). Slight increase in caspase activation also associates with increase in both mitochondrial and cellular ROS, which could function as signalling molecules for cancer cell proliferation ([@bib39]). Thus low levels of caspase activation accompanied by ROS production below threshold toxic levels could ultimately enhance AA PCa cell proliferation. Indeed, these notions are supported by the fact that DCA fails to exert inhibitory effect on cell proliferation, invasion, and metastatic potential of AA PCa cells. In addition, DCA treatment also induced increased DNA synthesis in AA PCa cells during S-phase of cell cycle, whereas in CA PCa cells DNA synthesis was significantly reduced.

Taxol induces higher levels of cell death in the presence of DCA in CA PCa cells. Lack of caspase activation suggests that restoration of mitochondrial function may suppress the survival signalling causing increased cancer cell death without elevation of caspase activation. Inability of combined treatment of taxol and DCA to enhance ROS production and caspase activation further suggests the involvement of either caspase-independent cell death or non-apoptotic cell death in CA PCa cells ([@bib45]). Restoration of mitochondrial function at normal steady state switches cancer cells from glycolytic state (pro-cancerous) to OXPHOS (anti-cancerous) state and may provide therapeutic advantage ([@bib35]). However, AA cells possess very low basal levels of ROS and mtMP compared with CA cells, thus DCA induced increase in mitochondrial ROS and mtMP in AA cells may not be sufficient to induce apoptosis. Thus our findings suggest that mitochondrial dysfunction is an important factor responsible for resistance to conventional therapies in various cancers and AA subjects poorly respond to first line chemotherapy ([@bib37], [@bib36]; [@bib33]; [@bib52]; [@bib23]). We have recently shown that doxorubicin treatment induces mitochondrial biomass and function, which may lead to increased apoptotic cell death ([@bib50]). Indeed, doxorubicin-induced cell death in AA cells may be associated with restoration of some mitochondrial function to above threshold toxic levels. Since AA cells possess severely defective OXPHOS, doxorubicin-induced restoration of mitochondrial respiration is not sufficient to induce efficient AA cell death.

Cancer stem cell-like cells, a small subpopulation of cells, have been reported to be responsible for tumour progression, metastasis, drug resistance, and tumour relapse, and associate with poor response to conventional interventions ([@bib10]). CSCs have also been isolated and characterised in case of PCa and are thought to be important for PCa development and metastatic progression ([@bib10]). DCA treatment induces higher enrichment of CD44^+^ and CD44^+^CD133^+^ cell populations in AA cells compared with CA cells, suggesting that CSCs from AA cells also harbour mitochondrial dysfunction, which could not be restored on DCA treatment. Since increased enrichment of CSCs associates with higher metastasis potential, mitochondrial dysfunction in CSCs may confer the higher metastatic features in AA cells compared with CA PCa cells.

UPR^mt^ has been recognised as an important physiological process in regulating proper mitochondrial functioning and homeostasis, which regulate many processes including energy metabolism and apoptosis ([@bib20]; [@bib21]). Many players mediate UPR^mt^ including mitochondrial HSPs such as HSP60, HSP70, and HSP90 ([@bib20]; [@bib21]; [@bib4]). AA cells express lower level of HSP60 and HSP90 compared with CA cells. Since HSP60 plays a critical role in cancer cell survival and facilitates the function of various onco-proteins and mediates UPR^mt^ to relieve stresses. This directly implies that AA PCa cells have strong mitochondrial dysfunctions, which may be mediated by HSP60 folding machinery and other prosurvival HSPs including HSP70 and HSP90. Together, we conclude that the presence of severe mitochondrial dysfunction in AA compared with CA PCa cells could be one of the potential reasons for the increased resistance, metastatic potential, and tumour recurrence in case of AA patients compared with CA counterpart in the clinic.
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![**DCA inhibits CA cell proliferation compared with AA cells.**(**A**) Cells were treated with dichloroacetate (DCA) at indicated doses/time and live cells were counted using trypan blue method. (**B** and **C**) LNCaP and E006AA PCa cells were treated with DCA at indicated doses for 24 h time intervals followed by Annexin V/PI labelling, and total cell death (**D**) was quantified by flow cytometry analysis. (**E**) Du145 and E006AA-hT cells were treated with DCA at indicated doses for 24 h and cell death was quantified using trypan blue staining. (**F**) Cells were treated with DCA at indicated doses for 24 h. DEVDase (caspase-3) activity was measured using equal amounts of whole-cell lysates. Data are mean±s.d., *n*=3, \**P*⩽0.05 compared with respective LNCaP or Du145 cells.](bjc201688f1){#fig1}

![**AA cells show increased enrichment of CSCs on DCA treatment.**(**A--C**) Cells were treated with DCA at indicated doses for 24 h. Cells were harvested and stained with indicated PCa stem cell markers and processed for flow cytometry analysis. (**D**) E006AA cells were plated on coverslips and treated with DCA (40 mM) for 24 h and immunolabelled with CD44 antibody linked with AlexaFluor 488 and image were captured using Zeiss LSM710 confocal microscope. (**E**) Cells were plated on low attachment dishes to generate CSC spheres followed by treatment with DCA. After 3 days DCA treatment, DEVDase (caspase-3) activity was measured using equal amounts of proteins from control and treated spheres. Data are mean±s.d., *n*=3, \**P*⩽0.05 compared with respective LNCaP cells. \*\**P*⩽0.05 compared with respective LNCaP and Du145 cells.](bjc201688f2){#fig2}

![**DCA induces differential cell cycle parameters and modulates mitochondrial functions.**Cells were treated with DCA at indicated doses for 24 h followed by flow cytometry analysis to determine cell cycle phase distribution. Data are presented as the percentage of cell cycle distribution for each treatment group (**A**). Cells were treated with DCA at indicated doses for 24 h. Equal amounts of protein was used for western blotting to determine the level of indicated proteins (**B** and **C**). AA and CA cells were treated with DCA at indicated doses for 24 h time period. Cells were either stained live with MitoSox for mitochondrial ROS or MitoTracker Orange for mitochondrial membrane potential (mtMP), or dihydrorhodamine 123 (DHR123) for cellular ROS or MitoTracker Green for mitochondrial mass at 37 °C (**D**--**G**). Cells were then analysed on flow cytometer. Data are mean±s.e., *n*=3, \**P*⩽0.05 compared with respective controls. ^\#^*P*⩽0.05 compared with LNCaP and Du145 control untreated cells.](bjc201688f3){#fig3}

![**Existence of defective HSP response in AA cells but not in CA cells.**Total RNA was isolated from AA (E006AA) and CA (LNCaP) cells and 1 *μ*g of total RNA was subjected to mRNA expression quantification for the indicated genes by RT--PCR analysis (**A** and **B**). Cells were treated with DCA at indicated doses and time periods. Whole-cell lysates were subjected to western blotting for the indicated proteins (**C**). Total RNA isolated from untreated or DCA (20 mM for 24 h) treated LNCaP, Du145, and E006AA cells were subjected RT--PCR analysis for expression level of indicated HSPs and cofactors or activators (**D--F**). Cells were treated with 17-AAG (HSP90 inhibitor; 10 nM for 24 h) in the presence and absence of DCA (40 mM for 24 h) followed by caspase-3 activity measurements (**G**). Data are mean±s.d., *n*=3, \**P*⩽0.05 compared with respective controls. ^\#^*P*⩽0.05 compared with DCA treated cells.](bjc201688f4){#fig4}

![**DCA strongly inhibits metastatic parameters including cell migration in CA cells, and AA cells possess strong MMP-2 and -9 activities.**Cells were grown to confluence and wound was created with a sterile 200 *μ*l pipette tip. Wound healing under mitomycin C presence was continued in the absence or presence of DCA (20 mM). Images (**A**) were captured at 0 and 15 h time periods after treatment. Percentage cell migration (**B**) compared with control was calculated as discussed in Methods section. (**C** and **D**) Cells (500 cells per well) were cultured in a six-well dishes followed by treatment with the indicated doses of DCA for 7 days. Colonies of indicated sizes were counted using phase contrast microscope. PCa cells were cultured to 70% confluency; after overnight serum starvation, cells were treated with DCA at indicated doses for 48 h. Equal amounts of protein were subjected to western blotting for indicated proteins and actin serves as loading control (**E**). An aliquot of media containing equal amount of proteins were separated on gelatin-containing zymogram gel. Zymogram gel was stained with Bio-Rad zymogram staining solution followed by destaining to get clear white MMP-gelatinolytic bands against the blue background (**F**). Data are mean±s.e., *n*=3, \**P*⩽0.05 compared with respective controls.](bjc201688f5){#fig5}

![**Taxol enhances CA cell sensitivity in the presence of DCA, whereas doxorubicin induces cancer cell sensitivity in both types of cells, and effect of DCA and anticancer agents on oxygen consumption rate (OCR).**AA (E006AA) and CA (LNCaP, PC3, and Du145) cells were treated taxol (30 nM) or doxorubicin (100 nM) in the presence or absence of DCA (20 mM) for 48 h. At the end of the treatment time, percentage cell death was quantified either by annexin V labelling (**A** and **B**) or using Trypan blue staining method (**C** and **D**). PC3 cells were treated with 20 mM DCA alone or with indicated combinations of taxol (PTX, 30 nM) or doxorubicin (Dox, 100 nM) for 24 h. OCR traces were determined using a Seahorse mito stress kit and Seahorse XF24 analyzer (**E**). OCR before the addition of oligomycin and following the treatment of FCCP represent the basal mitochondrial respiration (**F**) and maximal mitochondrial respiration capacity, respectively. OCR following rotenone plus antimycin A treatment represents non-mitochondrial respiration. Data are mean±s.e., *n*=3, \**P*⩽0.05 compared with respective controls; \*\**P*⩽0.01 compared with respective controls.](bjc201688f6){#fig6}
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